Abstract Vestibular reflexes are critically important for stabilizing gaze and maintaining posture, but comparatively little is known about conscious perceptions of vestibular stimuli and how they may relate to balance function. We used psychophysical methods to determine the ability of normal subjects and a vestibular-deficient subject to discriminate among velocities of earth-vertical sinusoidal rotations. Discrimination thresholds in normal subjects rose from 2.26 deg/s at a peak velocity of 20 deg/s up to 5.16 deg/s at 150 deg/s. The relationship between threshold and peak angular velocity was well described by the power law function DI = 0.88I 0.37 , where I is the magnitude of the stimulus and DI is the discrimination threshold. The subject with bilateral vestibular hypofunction had thresholds more than an order of magnitude worse than normals. The performance of normal subjects is much better than that predicted by Weber's Law, which states that discrimination thresholds increase proportionally with stimulus magnitude (i.e., DI/I = C, where C is the ''Weber fraction''). This represents a remarkable exception to other sensory systems and may reflect the vestibular system's ability to stabilize gaze and maintain posture even at high stimulus intensities. Quantifying this relationship may help elucidate the role of higher-level processes in maintaining balance and provide information to diagnose and guide therapy of patients with central causes for imbalance.
Introduction
Vestibular input contributes to reflexive functions including gaze stabilization, postural control, and autonomic regulation. It also contributes to many vital non-reflexive, perceptual responses including body orientation (Friedmann 1970) and path integration (Glasauer et al. 2002) . The mechanisms of vestibular perception and the relationship of perceptual dysfunction to imbalance and disorientation remain poorly understood.
Rigorous psychophysical methods used to study perception typically rely on quantifying the ability of an observer to discern between two similar stimuli distinguished only by a small difference in magnitude. This discrimination threshold is also known as the just-noticable-difference (JND) or difference limen (Green and Swets 1966) . A fundamental law of psychophysics, known as Weber's Law, states that the ratio between the discrimination threshold at a particular stimulus magnitude and the magnitude of the stimulus itself is constant regardless of stimulus magnitude (i.e., DI/I = C, where DI represents the discrimination threshold, I is the stimulus magnitude, and C is the ''Weber fraction'') (Fechner 1860; Zanker 1995; Dehaene 2003; Brannon et al. 2008; Francisco et al. 2008) . This relationship has been widely observed for behavioral responses to stimuli of many sensory systems (Laming 1986 ), but it has not yet been systematically studied to determine discrimination thresholds of rotational velocity that result from changes in stimulation of the vestibular system. Vestibular afferents must provide accurate information about head movements over a wide range of velocities, frequencies, and accelerations. This allows the vestibular system to drive the vestibulo-ocular reflex (VOR) and other vestibular reflexes in order to stabilize gaze and maintain balance and posture. Current evidence suggests that the VOR demonstrates essentially constant levels of accuracy across a wide range of angular velocities and accelerations (Pulaski et al. 1981; Weber et al. 2008) . If Weber's Law holds for vestibular perception, it would suggest that central processes above the level of the basic VOR reflex pathway might introduce additional uncertainty into vestibular signals, limiting the performance of the system and increasing discrimination thresholds at higher stimulus magnitudes. It could also indicate that the signals that drive the VOR with constant accuracy are simply not available for higher-level processing or conscious awareness and that perceived rotation is independent of these vestibular afferent signals (Seemungal et al. 2004; Merfeld et al. 2005a, b; Wood et al. 2007; Clement et al. 2008) . Alternatively, if psychophysical performance is better than suggested by Weber's Law, it could indicate that higherlevel processes maintain the same degree of certainty present at the level of the VOR. This would represent a remarkable exception to the performance of many other sensory systems.
Establishing the level of uncertainty present at various stages in vestibular information transmission may facilitate explorations of the higher-level operations of the vestibular system and elucidate the mechanisms of postural instability and imbalance caused by dysfunction of central balancerelated processes. This is likely to be important with respect to both linear and rotational accelerations. Here, we determine whether the discrimination thresholds to rotational stimuli follow Weber's Law or whether they surpass it, reflecting the fidelity with which afferents and the VOR operate.
Methods

Subject selection
The Human Studies Committee at Washington University approved this study. Nine right-handed male volunteer test subjects (age range: 16-34 years) participated in the study. Eight healthy subjects (age range: 23-34 years) read and provided a signed consent form and were included in the study as ''normals''. None of these eight subjects reported a history of symptoms of vestibular dysfunction, including susceptibility to motion sickness. They showed normal responses to bedside tests including head impulses, postheadshaking nystagmus, and Dix-Hallpike examination.
Their vestibular function was also tested using a chair rotating about an earth-vertical axis providing steps of velocity of 100 deg/s and sinusoidal rotations over the frequency range 0.025-0.64 Hz with peak velocities of 60 deg/s. None showed any signs of vestibular dysfunction as would be indicated by decreased gain or time constants in response to steps of velocity, or decreased gain and increased low-frequency phase lead in response to sinusoidal stimuli. One 16-year-old subject with profound hearing loss and vestibular dysfunction due to cytomegalovirus infection was also tested. His hearing loss (auditory thresholds [110 dB HL from 250 to 4,000 Hz) had been previously treated with bilateral cochlear implantation that gave him aided pure-tone thresholds \30 dB HL over the same frequency range. His vestibular loss was confirmed using icewater irrigations, which elicited no response from his right ear and only a 2 deg/s slow-phase nystagmus from his left ear. His response to rotational stimuli, as described above, elicited no measurable response. His other sensory and cognitive abilities were intact. He assented to testing and his parents read and signed a consent form in accordance with the study protocol approved by the Washington University Human Studies Committee.
Psychophysical methods
A two-interval, two-alternative forced-choice (2I, 2AFC) study design was used to determine behavioral discrimination thresholds for peak angular velocity of rotations about an earth-vertical axis. In a 2I, 2AFC paradigm, the subject is tested using multiple trials, each consisting of a pair of sequential stimulus intervals termed the ''reference'' and the ''comparison'' intervals (Green and Swets 1966; Macmillan and Creelman 2005) , and the subject is asked to compare the stimulus in the first interval to that in the second interval. The 2I, 2AFC paradigm may be used in a ''method of constant stimuli'' experiment, where many trials are performed in which the reference stimulus is constant but the value of the comparison stimulus varies among trials. The percentage of correct answers at each value of the comparison stimulus determines the psychometric function. The ''discrimination threshold'' is defined as the difference between the reference and comparison values at which the subject achieves a defined percentage correct. This percentage is chosen by the examiner at a level that is convenient or experimentally relevant, commonly around 75% correct. In the special case where the reference stimulus is zero, the threshold is called the ''detection threshold.'' In the experiment described here, subjects were presented with two intervals of a rotational stimulus and asked to identify either the first or the second interval as ''faster''.
Rotational stimulus
A standard rotational chair (System 2000, Micromedical Technologies, Chatham, IL) was used to deliver the test stimulus. The chair was contained within a lightproof booth that eliminated visual cues. Subjects were restrained using a four-point harness and cushioned with memory foam padding to minimize proprioceptive cues which might otherwise have contributed to perception (Walsh 1961; Gianna et al. 1996; Au Yong et al. 2007; Seidman 2008) . External auditory cues were eliminated by using commercial ear muffs (-30 dB noise reduction ratio) in conjunction with a masking white noise generated by Matlab (Natick, MA) delivered to insert earphones. All subjects confirmed that they were unable to hear motor noise during the experiments. Each subject's head was positioned to bring the horizontal canals into an earth-horizontal orientation by orienting each subject's Reid's plane 20 degrees chin-down (Della Santina et al. 2005) . Custom-written software in Matlab was used to generate chair trajectories, and a National Instruments Data Acquisition device (BNC-2090, Austin, TX) in conjunction with the Matlab Data Acquisition Toolbox provided input to the chair controller. Chair vibration was monitored by recording the output of a rotational ratemeter (ADXRS150, Analog Devices) and three orthogonal accelerometers (ADXL202, Analog Devices), mounted on the chair adjacent to the head, at a rate of 1,000 samples/s. Vestibular discrimination is difficult to test in rotational paradigms because of the possible confounding effect of the velocity storage mechanism. Velocity storage prolongs the neural representation of a rotational stimulus so that both reflexive and behavioral responses to a rotation may persist long after the rotation has ceased (Raphan et al. 1979) . In a 2I, 2AFC paradigm, the velocity storage mechanism may cause the first stimulus to influence perception of the second stimulus. Although the influence of velocity storage on perceptual function has previously been questioned (Grabherr et al. 2008) , other reports (Okada et al. 1999; Sinha et al. 2008 ) and our own preliminary tests found that it might have a significant effect on our results.
We generated a 2I, 2AFC task with an oscillating stimulus trajectory designed to minimize the effect of velocity storage. The stimulus consisted of a 0.5 Hz-sinusoidal stimulus about the earth-vertical axis. The peak velocity of the sinusoid increased during the initial second of stimulation along a raised cosine envelope from zero to a constant peak velocity lasting 5 s (representing the first interval of the 2I, 2AFC task), then changed along a raised cosine envelope over 1-s to a second constant peak velocity lasting 5 s (the second interval) before decreasing along a raised cosine envelope down to zero over the next 3 s (Fig. 1) . The use of a sinusoidal stimulus minimized the effect of velocity storage. The cosine envelope allowed the generation of motion trajectories without discontinuities in velocity or any of its derivatives, which might otherwise have complicated the interpretation of data generated in this motion paradigm (Benson et al. 1986 ).
We implemented a basic model of the combined peripheral vestibular system and velocity storage mechanism to evaluate our stimulus trajectory. Our model used a cupular time constant of 5 s (Fernandez and Goldberg 1971; Dai et al. 1999 ) and a velocity storage time constant of 12 s (Raphan et al. 1979) . The actual stimulus trajectory and the model of the perceived stimulus after accounting for the velocity storage mechanism are shown in Fig. 1 . The discrimination threshold for the eight normal subjects was determined at reference peak velocities of 20, 40, 60, 80, and 100 deg/s. Seven of the eight normal subjects were also tested at 150 deg/s, and three were tested at 0 deg/s (to The angular velocity of the chair about an earth-vertical axis is shown in black. Two sequential intervals are presented, one at a reference peak velocity (here, 40 deg/s) and one at a comparison velocity somewhat higher than the reference velocity (here, 50 deg/s). The subject is cued with tones (black bars) to indicate the testing intervals and answers which of the two intervals is ''faster.'' The order of the reference and comparison velocities are randomized. The estimated velocity storage signal is shown as a gray dashed line. The peak amplitude of the estimated velocity storage signal is nearly equal to the peak stimulus velocity and extinguishes rapidly at the end of the stimulus Exp Brain Res (2010) 204:11-20 13 determine the detection threshold). The vestibular-deficient subject was tested at 0, 40, and 100 deg/s. White noise was presented throughout the trial via the earphones, with a superimposed tone signaling each stimulus interval. Subjects responded verbally at any time during the second stimulus or up to 10 s after returning to rest by identifying which of the two intervals was ''faster.'' There was a 10-s interval between trials during which the chair was stationary.
Adaptive procedure
Constructing a full psychometric curve using a relatively long-duration stimulus (15 s) such as that described here would be a laborious and time-consuming process using the method of constant stimuli as described above. Following the example of a previous study (Grabherr et al. 2008) , we therefore chose to use an adaptive procedure using a ''3-down, 1-up'' rule. In this procedure, the comparison stimulus is decreased to a level closer to the reference stimulus only after three consecutive correct responses, while it is increased to a level farther from the reference after just a single incorrect response (Leek 2001) . Eventually, the comparison stimulus oscillates around an asymptotic value representing where the subject's performance is equal to chance. At that point, the probability P of providing a wrong answer (1-up) equals the probability P of providing three correct answers in a row (3-down), so that P = 0.5. In order to achieve the probability of three correct answers in a row equaling 0.5, the chance of a single correct answer must be 0.794 (the cube root of 0.5). Therefore, a ''3-down, 1-up'' rule targets the 79.4% correct level of the psychometric function. On a given run, the initial comparison peak velocity was set to exceed the reference peak velocity by at least twice the expected threshold determined by preliminary testing. For reference velocities of 20 deg/s and greater, the step size was initially set at 1 deg/s. After five reversals, the step size was decreased to 0.5 deg/s. The next nine reversals were averaged to calculate the discrimination threshold. For reference velocities of zero deg/s, the step size was held at 0.1 deg/s, and the first nine reversals were averaged to determine the detection threshold. This small step size ensured that the comparison velocity never equaled zero.
We also utilized a maximum-likelihood-estimation paradigm for determining thresholds (Wichmann and Hill 2001) . This technique uses the subject's responses to form an estimate of the entire psychophysical curve rather than simply determining the threshold value, as done by the adaptive paradigm. It allows testing in less time and with less within-subject variability, but has the disadvantage of requiring the general shape of the psychometric curve to be known (Leek et al. 2000) . For the data analyzed here, we assumed the psychometric function to be a Weibull distribution, a sigmoidal distribution commonly used in psychophysical research (Wichmann and Hill 2001) . We used the same data set for estimating thresholds using the maximum-likelihood-estimation paradigm as we used for estimating thresholds using the adaptive paradigm.
Subject testing
Testing for each subject was divided into two sessions. During the first session, subjects were acclimated to the chair and the experimental task during a training period. Subjects were presented with reference stimuli spanning the range of reference peak velocities and responded as they would during the experiment. Once a subject was comfortable with the task, the first adaptive run was begun, with the reference peak velocity chosen at random from among the test velocities. Discrimination thresholds for two additional randomly chosen peak reference velocities were obtained during the first session. Subjects were allowed a break between each of the three runs. Data for the remaining three test velocities were collected during the second session of testing.
Velocity storage controls
We conducted two experiments to confirm that our stimulus paradigm minimized the effect of velocity storage on our results. In the first, one subject underwent 140 trials at each of the seven reference velocities. The reference and comparison velocities were set to be equal for 20 trials at each reference velocity. These were interspersed randomly with other trials where the intervals were not equal. If velocity storage had been affecting the results of the perceptual task described here, the subjects should have been biased to select one interval or the other. In the second control experiment, we measured the eye movements of one subject by video-oculography following each of several trials at each reference velocity.
Results
To evaluate the possible contribution of vibration to our psychophysical results, we used Matlab to remove the 0.5-Hz signal representing the fundamental frequency of stimulation from the signal recorded from our rotational ratemeter and linear accelerometers and to lowpass filter the signals (cutoff frequency = 80 Hz). We determined the net linear acceleration during each sampling period by taking the vector sum of values recorded from the three orthogonal accelerometers. We considered the resulting rotational and linear signals, sampled at 1-ms periods, to represent vibration in the system. We used the value for angular velocity in each period to construct a distribution of the values generated when the chair was rotated at reference velocity and another distribution of values generated when the chair was rotated at a comparison velocity equal to the reference velocity plus its corresponding threshold velocity. These distributions represented the rotational vibration during each condition. We compared vibration at the reference velocity to vibration at the reference velocity plus twice the average threshold for that velocity. There was no difference between the two distributions at any reference velocity (t-test; reference velocity = 0 deg/s, P = 0.908; reference velocity = 20 deg/s, P = 0.987; reference velocity = 40 deg/s, P = 0.998; reference velocity = 60 deg/s, P = 0.983; reference velocity = 80 deg/s, P = 0.993; reference velocity = 100 deg/s, P = 0.995; reference velocity = 150 deg/s, P = 0.996). A similar procedure was used to compare the net linear accelerational vibration at reference velocity to the net linear accelerational vibration at reference velocity plus the threshold for that velocity and again to the net linear accelerational vibration at reference velocity plus twice the threshold for that velocity. We compared linear vibration at each reference velocity to linear vibration at the reference velocity plus twice the average threshold for that velocity. There was no difference between the two distributions at any reference velocity (t-test; reference velocity = 0 deg/s, P = 0.966; reference velocity = 20 deg/s, P = 0.998; reference velocity = 40 deg/s, P = 0.976; reference velocity = 60 deg/s, P = 0.964; reference velocity = 8 deg/s, P = 0.927; reference velocity = 100 deg/s, P = 0.974; reference velocity = 150, P = 0.817).
Our first control experiment, designed to test the effect of velocity storage on our results, consisted of one subject undergoing 140 trials at each of the seven reference velocities. The reference and comparison velocities were set to be equal for twenty trials at each reference velocity. The subject showed no preference for one interval or the other at any of the reference velocities (v 2 [ 0.05). In the second control experiment, the same subject showed no post-rotational nystagmus (measured by video-oculography) following each of several trials at each reference velocity. While studies (Merfeld et al. 2005a, b) have suggested that vestibulo-ocular reflexes and perception use qualitatively different mechanisms, the absence of postrotational nystagmus suggests that our stimulus design was successful in minimizing the effect of velocity storage on perceptual responses. The absence of response bias is another indicator that velocity storage did not have a significant effect on the performance of our subjects.
A typical run for one subject with the reference velocity equal to 60 deg/s is shown in Fig. 2 . Each run comprised an average of 78 trials and lasted approximately 35 min. No session needed to be terminated due to subject fatigue or other reasons. Detection thresholds for rotational stimuli have previously been shown to form a normal distribution only after performing a log transformation (Benson et al. 1989) . Means, standard deviations, and statistical tests were therefore calculated in the log domain and then converted back for presentation here (Grabherr et al. 2008) .
We first calculated detection thresholds using the adaptive paradigm described in the ''Methods'' section. The mean detection threshold (a reference velocity of 0 deg/s) was determined to be 0.46 deg/s, with discrimination thresholds rising up to a value of 5.16 deg/s at a reference velocity of 150 deg/s (Table 1) . We then analyzed our results using a maximum-likelihood-estimation paradigm to determine whether the two paradigms gave similar results (Fig. 3) . The mean detection threshold using the maximum-likelihood paradigm was determined to be 0.46 deg/s, increasing to a discrimination threshold of 5.37 deg/s at 150 deg/s. Two-tailed t-test statistics showed that the thresholds determined by the adaptive paradigm and the maximum-likelihood-estimate paradigm were not statistically distinguishable at any of the reference velocities tested. We chose to continue our analysis using data generated by the adaptive paradigm for three reasons. The data had originally been collected using an adaptive Comparison peak velocity (deg/sec) Fig. 2 Sequence of answers provided by a subject over the course of one run using a ''3-down, 1-up'' adaptive paradigm. Each trial is indicated by a circle. A subject must answer correctly three times in a row before the comparison stimulus is reduced one step closer to the reference to make the task more difficult. A single error increases the comparison stimulus by an equal amount. Reversals are indicated by open circles. For reference velocities greater than or equal to 20 deg/s, the first five reversals are thrown out and the subsequent nine are averaged to determine the threshold. For reference velocities of 0 deg/s (detection threshold), the first nine reversals are averaged to determine the threshold paradigm, we did not design our study to determine the shape of the psychometric curve as would be required for using a maximum-likelihood-estimation paradigm, and there was no statistical difference between the results using the two techniques. Weber's Law requires that a linear function should describe the data well. The data presented here could be fit with the linear function DI = 0.03I ? 1.72 (r 2 = 0.69) but were fit substantially better with the power function DI = 0.88I 0.37 (r 2 = 0.88) (Fig. 4 ). Thresholds were determined at peak reference velocities of 0, 40 and 100 deg/s for the vestibular-deficient subject. His detection threshold at a reference velocity of 0 deg/s was 37.7 deg/s, his discrimination threshold at 40 deg/s was 31.1 deg/s, and his discrimination threshold at 100 deg/s was 34.4 deg/s.
Discussion
The mechanisms of vestibular perception and the effect of perceptual dysfunction on balance and orientation remain relatively poorly understood. A critical metric for the perception of a sensory stimulus is the observer's ability to discriminate among signals that differ in magnitude along a physical dimension. The data presented here represent a critical advance from previous research measuring the psychophysical responses of the vestibular system by describing the discrimination thresholds of the vestibular system to rotations at reference velocities exceeding zero. They show that the vestibular system represents a remarkable exception from the performance of sensory systems as predicted by Weber's Law. These results may help elucidate the mechanisms of sensory processing within the vestibular system and will form a normative data set for future studies of vestibular perception in normal and imbalanced subjects. Normal subjects in this study were found to detect rotational motion about an earth-vertical axis with a threshold of 0.46 deg/s at a 79.4% correct level. Many authors have previously reported the detection threshold of normal subjects to angular rotations about an earth-vertical axis (Mach 1875; Guedry 1974; Benson 1982) . Most recently, Benson et al. (1989) and Grabherr et al. (2008) used a two-alternative, single-interval forced choice task. In their experiments, subjects were seated in a rotational chair moving along a cosine bell velocity profile either toward the right or the left and were required to identify the correct direction of movement of the chair. Benson et al. found mean detection thresholds (defined as 75% correct) at 0.5 Hz of approximately 1.7 deg/s (Benson et al. 1989 ). Grabherr et al. found a mean detection threshold (defined as 79.4% correct) at 0.5 Hz of 0.73 deg/s (Grabherr et al. 2008) .
Several factors may explain why the detection threshold values reported here are somewhat better than reported in these two earlier studies. The two earlier studies required subjects to identify the direction of movement correctly. This task is somewhat more difficult than simply detecting that motion was occurring as was done here (Benson et al. 1986; Kingma 2005) . This difference may be due in part to an illusory reversal of direction occurring during the movement (Benson et al. 1986 ). The earlier studies also used a single stimulus cycle, which may be more difficult to perceive than paradigms that consisted of several cycles of sinusoidal movement as used here (Kingma 2005) . Finally, the participants in the previous studies were up to at least 60 years old, but participants in the current study were a maximum of 34 years old (Benson et al. 1989; Grabherr et al. 2008) . Some evidence suggests that perception of motion may deteriorate with age (Seemungal et al. 2004; Kingma 2005) . If younger subjects have better thresholds, then the age difference between participants in this study and other studies may help explain the difference in thresholds observed.
The discrimination thresholds reported here were found to relate to stimulus magnitude according to a power law function with an exponent of 0.37. Discrimination thresholds to sensory stimuli generally obey Weber's Law, which holds that they follow a linear relationship with respect to stimulus magnitude (equivalent to a power law function with an exponent of 1) (Baird 1997) . Deviations from Weber's Law have been observed previously in other sensory systems, although they were much smaller than those described here for the vestibular system. Guilford found that a power law with an exponent of 0.867 fit better than a linear function to data describing the performance of subjects discriminating among lines of different lengths (Kiesow 1926) , giving rise to the term ''Guilford's Power Law'' to describe this deviation from Weber's Law (Guilford 1932; Baird 1997) . Discrimination of loudness of pure tones has been shown to follow a power law with an exponent of 0.9375, forming what has been termed a ''near miss'' to Weber's Law (McGill and Goldberg 1968) . Sensation of vibration has also been shown to follow a power law forming a ''near miss'' to Weber's Law (Gescheider et al. 1990 ). The results presented here represent a much more dramatic deviation from Weber's Law than in these other examples. The vestibular system therefore appears to be uniquely able to maintain low discrimination thresholds even at high stimulus magnitudes.
An observer's ability to determine the subjective magnitude of a stimulus, rather than discrimination thresholds as reported here, also depends on stimulus magnitude. That relationship has been shown in a wide range of sensory tasks to follow a power function (Stevens 1961) . Known as ''Stevens' Power Law'', it is distinct from the power law relating discrimination thresholds to stimulus magnitude that describes the ''near miss'' to Weber's Law and the data presented here (McGill and Goldberg 1968; Baird 1997 ). Stevens' Law has been shown to apply to the magnitude estimation of rotational accelerations, but estimates of the value of the exponent have varied widely. In one experiment, subjects were exposed to constant rotational accelerations over a range of accelerations from 3 to 24 deg/s 2 and stimulus durations up to 100 s (Brown 1966) . They were asked to compare their subjective sense of stimulus magnitude to a comparison stimulus of 9 deg/s 2 . Interpretation of this experiment was complicated by the adaptation of subjects exposed to long-duration accelerations, but the subjective magnitude of acceleration was found to relate to the actual magnitude according to a power law with an exponent of 1.3 (Brown 1966) . In another experiment, subjects were rotated sinusoidally about an earth-vertical axis at 0.32 Hz, with angular velocities ranging from 2 to 84 deg/s. They rated their sense of stimulus intensity on a numeric scale. Subjective stimulus intensity was found to relate to the stimulus acceleration by a power law with an exponent of 0.73 (Benson and Brown 1992) . The higher values in the prior study were surmised to be due to a stimulus range effect (Benson and Brown 1992) .
The data shown here represent performance based on sensory input from the horizontal semicircular canals. The canals and otolith organs act in a coordinated fashion to provide vestibular information to the central nervous system (Day and Fitzpatrick 2005) . The psychophysical performance of the otolith organs may be at least as important as the semicircular canals in maintaining posture and equilibrium. Several previous studies have examined psychophysical performance in response to linear accelerations (attributable to the responses of the otolith organs). Detection thresholds for linear motion have been found to be somewhat better in the interaural direction than in the anteroposterior direction, and both were much better than motion along the cranial-caudal axis (Benson et al. 1986; Kingma 2005) . Thresholds were found to deteriorate somewhat with age in the anteroposterior direction but not in the interaural direction (Kingma 2005) . As in studies of rotation (Benson et al. 1989; Grabherr et al. 2008) , studies of linear accelerations have shown that thresholds decrease with higher-frequency accelerations (Benson et al. 1986 ). Stevens' power law relationship for magnitude estimation of linear accelerations has been shown to have an exponent greater than one, but the adherence of the perception of linear accelerations to Weber's Law has not been reported (Golding and Benson 1993) .
Previous psychophysical studies of the vestibular system have been interpreted to indicate that the sensitivity of primary vestibular afferents may be critical to determining the psychophysical thresholds of the vestibular system with respect to rotations (Grabherr et al. 2008) . Vestibular afferents leading from the semicircular canals have lower sensitivity at lower frequencies of stimulation and higher sensitivity at higher frequencies (Fernandez and Goldberg 1971; Hullar et al. 2005b ). This suggests that, if the system were limited by the gain of the signal provided by the afferents, it should have better performance at higher frequencies. This is consistent with the finding that normal human subjects have poorer perceptual detection thresholds at lower frequencies of rotation (approximately 2.8 deg/s at 0.05 Hz) and better thresholds at higher frequencies (approximately 0.6 deg/s at 1.0 Hz) (Benson et al. 1989; Grabherr et al. 2008) . A similar argument has been made relating the responses of otolith afferents to the psychophysical responses to linear accelerations (Benson et al. 1986 ).
The sensitivity of vestibular-nerve afferents remains constant regardless of the peak velocity of sinusoidal stimulation at any particular frequency (Baird et al. 1988; Hullar et al. 2005b) . The performance of the VOR, which may serve as an indirect measure of afferent performance, is also independent of velocity even at higher stimulus amplitudes (Pulaski et al. 1981; Weber et al. 2008) . In contrast, the perceptual thresholds shown here worsen with increasing peak velocities (although this change becomes relatively minor at higher velocities). A more detailed understanding of the relationship between afferent responses and perceptual performance will require a better understanding of the mechanism by which vestibular afferents encode head rotations (Sadeghi et al. 2007; Hullar 2008) .
The exceptional performance of the vestibular system described here could be related to extravestibular sensory information available at higher peak angular velocities. Studies that minimized extravestibular information have found that the perceptual performance of vestibular-deficient subjects was dramatically worse than normals, with thresholds sometimes up to about an order of magnitude worse than normals (Walsh 1961; Okada et al. 1999) , However, in one psychometric study of linear accelerations, vestibular-deficient subjects had thresholds quite similar to normal subjects. This finding was thought to relate to the presence of extravestibular information that improved their performance (Gianna et al. 1996) . We attempted to minimize non-vestibular cues by utilizing a light-proof chamber, presenting masking noise under noise-reducing earmuffs, and securing subjects with memory foam. Recognizing that vibrational stimuli are known to contribute to perception of self-motion (Au Yong et al. 2007; Seidman 2008) , we attempted to minimize motor vibration by carefully balancing the mass of the chair and subjects about the axis of motor rotation and limiting the size of our subjects to less than 175 lb to minimize the torque required by the motor. We verified that there was no significant difference between levels of vibration present at the reference and comparison angular velocities, indicating that vibrational cues should have been unable to contribute meaningfully to the performance recorded here. Other sources, such as air traveling across the skin or truncal gravireceptors, could still have had some effect (Mittelstaedt 1998) .
The performance of our vestibular-deficient subject shows that these and other extravestibular inputs were of negligible influence on our results. Other than his vestibular system, his sensory modalities were intact, including proprioception, skin sensation, vibration sensation, and hearing (corrected to \30 dB HL with his cochlear implants). The reason he had any response at all to vestibular stimulation is unclear. He did have a slow-phase nystagmus of 2 deg/s in response to icewater calorics in his left ear, suggesting a minimal level of residual vestibular function that may have contributed to his performance. This residual vestibular signal may explain why his thresholds, like those of subjects with normal vestibular function, did not continue to rise at higher stimulus amplitudes. He reported that he believed his sensation of rotation was due to proprioceptive input from centripetal force on his body provided by the harness and supportive foam during rotations.
We chose to use a stimulus frequency of 0.5 Hz because it falls within the range where vestibular input is important for stabilizing gaze (Leigh and Zee 2006) , it encompasses typical head movements (Grossman et al. 1988; MacDougall and Moore 2005) , it lies on the flat portion of the Bode plot describing the dynamics of the semicircular canals (Wilson and Jones 1979) , the torque of our motion delivery system could attain a wide range of peak velocities at this frequency, and 0.5 Hz stimuli are commonly used by standard clinical rotational chairs (Hullar et al. 2005a ). This means that experiments or clinical tests using the same paradigm may be carried out in any of the many clinical and research centers with access to similar equipment.
We recognize that there are multiple remaining questions to be answered surrounding the paradigm described here. While we have presented our data in terms of peak velocity, it is possible that subjects were actually sensing acceleration, jerk, or other motion parameters. Further study will be required to distinguish these possibilities. Vestibular dysfunction can occur asymmetrically, meaning that a bidirectional stimulus such as that described here could elicit different responses in one direction than in the other. While this represents a possible confounding variable, it may actually be helpful in determining the site of a particular vestibular lesion.
We anticipate that the results presented here will help reveal the basic functioning of information transmission in the vestibular system and causes for imbalance in patients who present without clinical signs or symptoms of peripheral vestibular dysfunction. Development of a panel of trajectories, including linear motions using other equipment, may offer a novel means to identify sources of dysfunction such as ''retrolabyrinthine'' lesions in the vestibular nerve and subcortical and cortical vestibular pathways that affect balance function.
